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Co–Mn–Al thin films were prepared using ultrahigh-vacuum magnetron sputtering on thermally
oxidized silicon substrates at various substrate temperatures. Composition, crystal structure,
magnetic property, and surface roughness of the films were investigated. The film prepared at a
substrate temperature sTsd of around 300 °C had Co2MnAl B2 structure, revealing partial disorder
between Mn and Al sites. Magnetization exhibited a maximum and coercive field exhibited a
minimum around Ts=300 °C. Surface roughness increased with the substrate temperature. The film
prepared at a substrate temperature of 300 °C was applied to a bottom electrode of a magnetic
tunnel junction, thereby creating a large tunnel magnetoresistance. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1852329g
Some Heusler alloys, such as NiMnSb1 or Co2MnGe,2
have been predicted to be half-metallic ferromagnetic
sHMFd, meaning that they have large asymmetry of density
of states at Fermi energy sEFd. The HMF allows very large
magnetoresistance in the magnetic tunnel junction sMTJd,
which is necessary for use in high capacity magnetic random
access memories3 sMRAMsd or highly sensitive magnetic
sensors.
4 Ishida et al. predicted theoretically that
Co2MnsAl1−xSixd alloy with L21 structure can be HMF at x
.0.4.5 Experimentally, film growth of some kinds of Heu-
sler alloy6,7 or magnetoresistive property of the single
films8,9 was studied, but only a few experiments on tunnel
magnetoresistance have been reported on MTJs using Heu-
sler alloy.10,11 Quite recently, large tunnel magnetoresistance
has been obtained successfully in MTJs using Co2MnSi
s33% at RT, 86% at 10 Kd independently by Kämmerer et
al.12 and in Co2MnAl s40% at RT and 65% at 10 Kd by our
group.13 In the present study, we characterized Co–Mn–Al
thin films that had been prepared by sputtering at various
substrate temperatures sTsd. Composition, crystal structure,
and magnetic properties of the Co–Mn–Al thin films
changed remarkably with Ts. Optimization of these proper-
ties is necessary to achieve large magnetoresistance in MTJ
with Co2MnAl Heusler alloy.
Co–Mn–Al s300 nmd films and Crs10 nmd /
Co–Mn–Als20 nmd films were prepared on thermally oxi-
dized Si substrates using dc and rf magnetron sputtering. The
Ar pressures during sputtering were about 0.1 Pa. A sputter-
ing target used for Co–Mn–Al layer had a stoichiometric
Co2MnAl sCo:Mn:Al=50:25:25, 99.9%d composition that
was prepared by Kojundo Chemical Lab. Co., Ltd. Substrate
temperature for the Cr buffer layers was fixed at 200 °C.
Substrate temperatures for the Co–Mn–Al films were varied
from ambient temperature to 600 °C. X-ray diffraction
method with in-plane geometry and atomic force microscopy
confirmed the crystal structure and surface roughness of the
Co–Mn–Al thin films, respectively. Film compositions were
examined using energy dispersion spectroscopy sEDSd. One
thick Co–Mn–Al film was examined by inductively coupled
plasma sICPd analysis. It is necessary to calibrate EDS re-
sults using samples with an accurate composition. In this
experiment, compositions of films with various substrate
temperatures obtained by EDS analysis ssample thickness
with about 300 nmd were corrected using the composition
obtained by the ICP analysis with high accuracy ssample
thickness with about 500 nm, Ts=300 °Cd. We measured
magnetization curves using a vibrating sample magnetometer
and a superconducting quantum interference device
sSQUIDd magnetometer.
Figure 1 shows the x-ray diffraction patterns of 300
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FIG. 1. X-ray diffraction patterns of Co–Mn–Al thin films prepared at vari-
ous substrate temperatures.
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-nm-thick Co–Mn–Al single films grown on the substrates
fFigs. 1sad, 1sbd, and 1sddg and 20-nm-thick Co–Mn–Al thin
films with 10-nm-thick Cr buffer layers fFig. 1scdg prepared
at various substrate temperatures. The thick film grown at RT
fFig. 1sadg showed small peaks of s220d, s400d, and s422d
crystal planes, but no distinct peak of the s200d plane, result-
ing in A2 structure with a large degree of disorder among Co,
Mn, and Al sites. A broad peak at 2u,30° was caused by an
amorphous portion in the film. The s200d peak of the B2
structure was observed clearly in the profile of the film
grown at 300 °C fFig. 1sbdg. The ratio of peak intensities of
the s200d and s220d planes agreed with that of the powder
pattern of the B2 structure. No other peaks were observed to
originate in pure Co or other alloys. The 20-nm-thick Co–
Mn–Al film grown at Ts=300 °C on the Cr buffer layer also
showed the B2 structure of Co2MnAl. The peak of the s200d
plane is observable in Fig. 1scd. A film grown at 600 °C fFig.
1sddg showed additional peaks at 51°, 75°, and 91°. Those
peaks originated in a fcc phase sunknownd other than the B2
structure.
Figures 2sad and 2sbd show the magnetization curves of
the Co–Mn–Al s30 nmd single films and the
Crs10 nmd /Co–Mn–Als20 nmd film. Magnetizations of the
thick films increased steeply and saturated at low magnetic
fields. This behavior agreed well with that of the bulk case.
Coercive fields in the Crs10 nmd /Co–Mn–Als20 nmd film
were larger than those of the Co–Mn–Al s30 nmd single film
at the same Ts. In the secondary-ion-mass spectroscopy
sSIMSd depth profile, Cr intensity was negligible in the vol-
ume of the Co–Mn–Al layer. At the bottom of the Co–
Mn–Al layer, there was a tail of the Cr signal into the Co–
Mn–Al layer, but the precise thickness of the interdiffusion
layer was not evaluated. To clarify the origin of the large
coercive field, further investigation is necessary to elucidate
the intermixing layer at the interface between the Cr and
Co–Mn–Al layers. In both films, magnetization showed a
maximum and a coercive field showed a minimum around
Ts=300 °C. The decrease of magnetizations and increase of
coercive fields corresponded to structural degradation at high
substrate temperatures. The crystal structure and the mag-
netic properties suggested that the Co–Mn–Al film quality
became comparable to that of bulk around Ts=300 °C. How-
ever, the maximum value of magnetization exceeded the bulk
value. Large magnetizations were related to film composi-
tion. Figure 3 depicts the film composition as a function of
substrate temperature. Composition of the alloy film pre-
pared at Ts=RT showed approximate stoichiometry
sCo:Mn:Al=50:25:25d. Co concentration increased with
increasing Ts. Correspondingly, Mn and Al concentrations
decreased slightly. The composition of the alloy film pre-
pared at Ts=300 °C was about Co 56 at. %, Mn 22 at. %,
and Al 22 at. %. Large magnetization is attributable to the
excess amount of Co atoms in the thin films.
Resistivity is very sensitive to film structure: defects,
grain, and atomic disorder. Figure 4 shows the resistivity of
50-nm-thick Co–Mn–Al single films. Resistivity decreased
with increasing Ts and showed a minimum around Ts
=300 °C. The minimum value was about 220 mV cm, which
is much higher than those of usual metal films. In our previ-
ous study,14 bulk Co2MnAl alloy also showed a high residual
resistivity of about 200 mV cm. Its temperature dependence
was very weak because Co2MnAl has a partial disorder be-
tween Mn and Al sites. Structural features, such as defect
density, grain size, and the degree of disorder, affecting film
resistivity closely approximated those of bulk at Ts
=300 °C. Consequently, the main component of the Co–
Mn–Al films prepared at Ts=300 °C was Co2MnAl with the
B2 structure.
Finally, this study examined the effect of substrate tem-
perature on surface roughness. Figure 5 shows the average
roughness of the Crs10 nmd buffer surface and
Crs10 nmd /Co–Mn–Als20 nmd double layer as a function
of substrate temperature. The insets are atomic force-
microscopy sAFMd images obtained on the surface of a Cr
s10 nmd buffer layer grown at 200 °C sleftd and a Co–
Mn–Al s20 nmd film grown at 300 °C on a Cr buffer layer
grown at 200 °C srightd. The scan area was 5003500 nm2.
In the images of the Cr surface, the fine structure of grains
was observed at Ts=200 °C and the roughness was suffi-
ciently small as a buffer layer. The roughness increased rap-
FIG. 2. Magnetic properties of Co–Mn–Al single films and Cr/Co–Mn–Al
films prepared at various substrate temperatures.
FIG. 3. Composition of Co–Mn–Al films as a function of substrate
temperature.
FIG. 4. Resistivity of Co–Mn–Al films as a function of substrate
temperature.
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idly at Ts.300 °C. The roughness of the Crs10 nmd /
Co–Mn–Als20 nmd double layer also increased with in-
creasing Ts. In these films, Cr buffers were grown at 200 °C.
The AFM image of the double layer with Ts=300 °C
showed grain growth of the Co–Mn–Al film, where rough-
ness sRad was about 0.6 nm. The MTJs using the
Crs10 nmd /Co–Mn–Als20 nmd bottom electrode sTs
=200 °C for Cr and Ts=300 °C for Co–Mn–Ald with an
Al–O insulating layer and a Co75Fe25s4 nmd / Ir–Mns10 nmd
top electrode showed large tunnel magnetoresistance sTMRd
ratios of about 40% at RT and 65% at 10 K.13 Those ratios
were much larger than the previous results recorded for
Heusler-based MTJs.10,11 The larger TMR ratio is inferred to
result from the good crystallinity and smooth surface of the
Heusler-based bottom electrode.
In summary, we have investigated the effect of substrate
temperature on structural, magnetic, and electrical properties
of Co–Mn–Al films. At a substrate temperature of 300 °C,
the Co–Mn–Al film properties became comparable to that of
bulk. The thin Co–Mn–Al film grown on the Cr buffer layer
had a sufficiently smooth surface to allow its application as a
bottom electrode in MTJ.
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FIG. 5. Surface roughness of Co–Mn–Al films as a function of substrate
temperature. Insets show AFM images of the Crs10 nmd buffer surface and
Crs10 nmd /Co2MnAls20 nmd surface.
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